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This article is the first of two which describe and analyze the thermal performance of
the new General Electric vacuum tube solar collector. The assumptions and mathematical
modeling are presented. The problem is reduced to the formulation of two simultaneous
linear differential equations characterizing the collector thermal behavior. After applying
the boundary conditions, a general solution is obtained which is found similar to the
general Hottel, Whillier and Bliss form but with a complex flow factor.

l. Introduction

Several solar-powered heating and cooling facility modifica-
tions in the Deep Space Network ground stations are planned
for future implementation as part of the DSN Energy
Conservation Project. In order to support the relevant feasibil-
ity and advanced engineering studies, special attention is given
to new technologies in low-concentration, nontracking solar
collectors. These nonimaging low-concentration types (with
intensity concentration between 1 and 5) possess several
advantages compared to the high-temperature, high-concentra-
tion ones. Examples are:

(1) The ability to harness, diffuse and direct portions of
sunlight.

(2) Low cost due to less precision requirements in manu-
facturing, no sun-tracking mechanisms and no sophisti-
cated optics controls.

(3) Good collection efficiency in the range of heating/
cooling interest from 80 to 140°C.

One of the new designs that emerged in this field is the
tubular and evacuated collector manufactured by General
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Electric (Ref. 1). The collector resembles, but is not identical
to, a hybrid system combining (1) the serpentine tube on a flat
absorber enclosed in an evacuated glass cylinder manufactured
by Corning Glass Works, and (2) the all-glass concentric tubes
manufactured by Owens-Illinois (Refs. 2-4). The semipro-
prietary GE collector performance data given by the manufac-
turer claim that the collector is able to provide about double
the energy collection capability of flat plate collectors
employing double glazing and selective coating. Although the
GE collector does possess the best of each of the Owens-
Illinois and the Corning types, it is felt that its performance
superiority is in need of an in-depth investigation at a wide
range of operating conditions. This article, the first of two, is
intended to provide the collector thermal analysis and the
relevant equations needed for a full parameterization study.

Il. Collector Description

Figure 1 illustrates the design details of one module of the
tubular collector with 10 heat collection units. The units are
mounted in parallel and each unit contains, as shown in Fig, 2,
a U-shaped copper tube. The copper tubes of the units are
connected in series to form a serpentine of 10 loops.



Each collector unit consists of two coaxial glass tubes. The
annular spaceé between the glass tubes is evacuated and sealed
to form a “thermos-bottle” effect. A thin cylindrical shell
made of copper conforms to the inside diameter of the inner
glass tube and is attached to the copper U-tube. The vacuum
tubes are mounted in a polished aluminum V-shaped back
reflector tray. The back reflector enhances the solar concentra-
tion and allows both direct and diffuse portions of the sunlight
to be collected.

" The solar collector manufactured by General Electric has a
selective coating on the outer surface of the inner glass tube,
thus making the inner glass tube serve as the absorber that
transmits heat to the copper shell by conduction. Since glass is
a poor conductor compared to copper, the present collector
under study is made differently and more efficient by
selectively coating the outer surface of the copper shell
instead, while keeping the inner glass tube transparent.
Accordingly, the double-walled glass bottle serves as the
window and the thin copper shell with its selective outer
surface acts as the absorber.

Besides employing (1) a vacuum technique to reduce
convection losses, (2) a selective coating to reduce outward
infrared radiation losses, and (3) a back augmenting reflector,
the collector has unique features compared to other commer-
cial tubular collectors. Examples are (1) a glass tube which, if
damaged, will not discontinue the collector service, and (2) the
collector is lightweight with a low thermal inertia which can be
translated to ease in installation, connection and structural
requirement plus a fast temperature response that increases a
full-day performance.

lll. Thermal Analysis

Before we proceed with the analytical energy expression for
each collector tube in a collector unit, the following assump-
tions were made to simplify the simulation process.

(1) The collector is assumed at steady state, located in an
environment with uniform ambient temperature and
solar irradiation.

(2) The problem is treated as a two-dimensional heat
transfer in the axial and radial directions. Collector
tubes are assumed to be of uniform temperature in the
tangential direction, even though the solar flux distri-
bution on the outer glass tube may not be uniform due
to the space allowed between the collector units and
the effect of the back V-reflector. In the radial
direction, the temperature distribution is assumed to be
in steps with negligible conduction thermal resistance
for all thin tubes.

(3) Axial conduction heat transfer from one end to
another is neglected.

(4) Material optical properties are assumed uniform and
independent of temperature and direction. Physical
properties for solids and liquids are also assumed
uniform and independent of working temperature and
pressure.

(5) Sky and ambient temperatures are assumed approxi-
mately the same to simplify computations. Also, the
ambient air temperature to the air core and external to
the collector unit is assumed the same.

(6) The metallic absorber shell, the hot water tube wall and
the cold water tube wall are all assumed at a single
temperature, which is the average of these three
surfaces. The absorber temperature varies only axially.
The metallic absorber actually acts as a fin stretched
from both sides of the fluid tubes in a circular shape.
This assumption is supported by the observation that
the difference in temperature between inlet and outlet
fluids is small at each collector unit.

(7) The convective heat transfer coefficient between the
serpentine tube and either the hot or cold fluid sides is
assumed the same since its variation with temperature
is insignificant. The convective coefficient is a
dominant function of tube diameter length and fluid
mass flow in the laminar range.

A segment of the collector unit whose thickness is dx and
located at a distance x from the open end of the fluid tubes is
analyzed. Appendix A gives the effective optical properties of
the double concentric glass cylinders. In Appendix B, the
details of the heat balance equations are given for reference.
The collector and thermal behavior is characterized by the
following two linear simultaneous differential equations for
the hot fluid temperature T, (x) and the cold fluid tempera-
ture 7,(x):

dTh
E=_6_C0Tc+cl Th (1)
ch
—d—x_=6 +C0Th‘C1 Tc 2)

where 8, C, and C, are collector characteristic constants given
in Appendix B. If Eqs. (1) and (2) are solved for either T, or
T, alone, then
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dzT'-' 2 2
— - (C2-CY) T, +5(C, +C,)=0
(3)
2
4 Th—(Cz—Cz)T +8(C, +C)=0
dx2 1 0 h 1 0

The general solution for Eq. (3) can be written after
substitution in Egs. (1) and (2) to be in the form

T(0)=Y, e )+ Y, expCm)+ (s ()

Cl +n Cl -n
Th(x) = ( C )Yl exp (nx)+( C ) Y, exp (-nx)

0 0

)
Ty s)

where Y, and Y, are arbitrary constants to be determined
from the boundary conditions, and » is determined from

n=c?-c? (6)

IV. Boundary Conditions

Equations (4) and (5) are subject to the following two
boundary conditions:

(1) At the inlet fluid section (X=0), the cold fluid
temperature 7 ,(0) is given.

(2) At the closed end section (X=L), the cold fluid
temperature is equal to the hot fluid temperature.

Substituting in Egs. (4) and (5), the temperature distribution
T,(x)and T, (x) is given by

N
T = -¢) [(CI—CO) TC(O)]

l:n cosh n(L - x) +(C, - C;) sinhn (L- x):|
ncoshnl +(C, - Co) sinh nL

@)
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s 5
Th(x) - (C1 _ Co)_ [(Cl - Co) - TC(O):I

[n coshn (L -x)~(C, - C,) sinh (L - x)]
ncoshnl +(C, - C,) sinhnL 8)

V. General Findings
A. The Flow Factor (F)

The temperature difference between cold and hot fluids at
any location (X) is given from Egs. (7) and (8) by

7,69 - 7,691 = [(Ca-——c—) TC(O)]
1 0

2(C, - Cy)sinh n(L - x)
9

ncoshnl +(C, - Cy) sinh nL ©)
Particularly, at the open end (x=0), both the temperature

difference and the net heat collected per unit collector area are
determined using Eq. (9) as

1,0-T01 = | ==y TC(O)]
(17 %o

" 2(C, -C,) sinh nL
(10)
| ncoshnL +(C, - C;)sinh nL

and

rich
Q" 4= [7,(0)~ T (0)]

coll ~ —E (11)

where S is the spacing between any two collector units.

Using the conductance coefficients (B’s) defined in Appen-
dix B, the extracted energy by the fluid is rewritten as

B4 36
Qoon = |\E +E23—+E33_ ~B, (T (0)-T) | -F
7 7
N v —
N
Energy lost to
ambient air

Energy absorbed

(12)



where F is a dimensionless “flow-factor” defined by

P GD,, 2sinh nL 13)
SL B, B,
(—-) cosh nL + sinh nlL
nG

where B, is the overall heat’transfer coefficient given by
Eq. B-25. If the collector glass tubes were made such that the
glass absorptivity ap, and o, are negligible, Eq. (12) will
become similar to the general Hottel, Whillier and Bliss form

oy =1E, = By ITO-T 1} F

B. Collector Efficiency

The collector efficiency based on the solar radiancy on'the
projected area is defined by

- ngll
I
or, using Eq. (12),
B B [r(©-T1,]
n=F e +to —t+a S2|-B 2
a,e f,eB7 s,eB7 I

(14)

Equation (14) suggests that if the collector efficiency is
plotted vs (T,(0) - T,)/1, the results would fit approximately

a straight line whose slope (ByF) is an indication of the heat
losses to the ambient and the intercept is an indication of the
optical characteristics.

C. Highest Temperature at “No-Flow”

The temperature of the collector with “no-flow” or
stagnant condition is an important value needed for coating
stability and temperature control. Setting the temperature
difference [T, (0) - T,(0)] from Eq. (10) to the limit as G
approaches zero (or n approaches =) one can prove that

Limit [T,(0)- T,(0)] =

as n—> e

B B
2 [(E1 +E, ;4 +E, B_6) - (7 ,0) - TA)]

7 7

5, [1+VITEE,E) |

(15)

where B, is the free-convection heat transfer coefficient
between absorber tubes and fluid. If the collector was left with
a very small flow rate under the sun with an inlet temperature
equal to ambient temperature T ,, the simulated maximum
temperature of the leaving fluid will be

T, (0)=T,+ = 2 (16)
B rax T4 BO 1+ (ZB—EI/BO)+1

To support the parameterization study and the numerical
evaluation of the above findings, a short computer program is
written using the optical properties of Appendix A, the heat
balance equations of Appendix B, and the temperature distri-
bution given by Egs. (7) and (8). The results of the second
phase of this study will be the subject of the second report.
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Definitions of Terms

glass absorption coefficient

absorber reflection coefficient

thermal conductance, kW/m?°C

fluid specific heat, kWh/kg’C

constants

diameter

energy flux, kW/m?

flow factor

heat capacity = n'sz/D o

convective heat transfer coefficient, kW/m?2°C
solar flux kW/m?

thermal conductivity, kW/m°C

collector-unit length, m
fluid mass flow rate, kg/h
characteristic constant, m™!
heat rate, kW

glass reflection coefficient

equivalent radiation heat transfer coefficient,
kW/m2°C

spacing between two consecutive collector units,
m

temperature, K

distance

Subscripts
A

Am

constants, K
absorptivity
reflectivity

transmissivity

augmented radiation factor

collector efficiency
parameter, °C/m

emissivity

air in collector core
ambient air

absorber shell

cold fluid

effective

first (outer) glass tube
hot fluid

inside

outside

second (inner) glass tube
serpentine tube

V-shaped reflector
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Fig. 2. Collector unit
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Fig. 3. Segment of a collector unit with thickness dx
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Appendix A

Derivation of Optical Properties

In this appendix the effect of multiple reflections, absorp-
tion, and refraction of direct solar rays incident upon the
collector tubes is discussed. The derivation of the effective
absorptivity, reflectivity, and transmissivity will be made for
each of the exterior glass tubes, the interior glass tube and the
metallic absorber shell.

Since the radial spacing between the two coaxial glass tubes
is small compared to their diameter, the optical properties
derivation will be carried out assuming two parallel glass plates
instead.

A-1. Optical Properties of a Single
See-Through Sheet of Glazing

Figure A-1 shows the paths of a single beam of light when it
falls on a single see-through sheet of glass. The intensity is
assumed unity since the optical properties are dimensionless.
The coefficients of absorption « and reflection r are applied
both to the top and the bottom surfaces of the single glazing.
The net transmissivity of a single glazing will be given by

T=a(l- N+ (1-r2+a°r*1-r?+ -

Using the infinite geometric series sum, T, is written as

_a(1-r?

2,2 (A-T)

-r
! 1-a

Similarly, the absorptivity ap is written as
af=‘(1 —afl-nN+ar(1-a)1-r+a*r> (A -a)1-r)+--

or

(1-nQ-a

= A2

s 1-ra (4-2)

Since the first law of thermodynamics states that
af+ Tf+ Py = 1

then, the reflectivity p - can be expressed as
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ra® (1 - r)?

p,=r+ (A-3)
f 1-r2a2

The above optical properties are given the subscript f since
they represent the properties of the first (outer) glass tube of
the collector unit.

A-2. Optical Properties of a Single Sheet of
Glazing with Opaque Bottom Surface

Figure A-2 illustrates the paths of a single light beam on a
single sheet of glass whose bottom surface is opaque. The
optical properties for this glazing type will be given a subscript
S since it represents the second (inner) glass tube that
surrounds the metallic absorber shell. In this case, the
reflection coefficient r at the top surface and that at the
bottom opaque surface b will be different. The absorption
coefficient ¢ will be the same as in case A-1, if all glazings have
the same thickness and material. The optical properties can be
obtained by summing the infinite geometric series of intensity
taken from Fig. A-2. Accordingly, for the bottom surface

ay =a(l-N(1-b)+a®br(1-r)(1-b)
+a’hr2 (1-n(-b)+--
or

al-b)(1-r
= - 7 A-4
B 1-4a%br 44

Also,

ag=(1-nN(-a)+tab(1- a)(1-N+a*br(1-r)(1-a)+--

a-n-a)(l +ab)
= A-5
% 1~ a?br (45)

Since the energy conservation law can be written as

aB+aS+pS=l

then one can prove that



a*b (l—r)2
po=r — (A-6)
1-d%br

A-3. Combining Two Sheets of Glazing With
an Opaque Bottom Surface for the
Second Sheet

Combining the above two separate cases in Sections A-1
ard A-2, the effective optical properties of each glazing will be
derived using the light paths as illustrated in Fig. A-3. The
properties of the first glazing will be 7, ay, and pg as expressed
by Egs. (A-1), (A-2), and (A-3), respectively. For the second
glazing, the properties oy, ag, and pg are given by Eqs. (A-4),
(A-5), and (A-6), respectively. The effective absorptivity o, .
of the metallic absorber shell surface next to the second
glazing will be found by summing the infinite series.

— 2 .2 ..
Ye = ATty TpLgtagTepepgt

or

aBTf

=21 (A7)
L= psng

43
a,e

Also, the effective absorptivity of the first glazing oy, when it
is placed next to the second glazing is determined by summing
the infinite series

_ 2 2.3
= q. + + ..
@, = ot afrfpfpS+afopfpS+

or

afopS

04 = q,t
1-p.pg

fe f

(A-8)

Similarly, for the second glazing, the effective absorptivity
og . is expressed as:

= 2.2 ...
O, = ag Tf+ Qg Tfpfps+°‘s Tfpfps+
or
o, T
. (49)
PyPg

On the other hand, the sum of reflections from the first
glazing will be written as:

- 2 2.2 23,2, ..
Pre = PrtpgTe ¥ PeOgTe ¥ prpgT +

or

2

poT

Pre = bt 1___‘§'__f_ (A-10)
pfpS

Equations (A-7) through (A-10) are the effective properties to
be used for the thermal analysis. As a cross-checking, the
properties also satisfy the energy conservation law where

af,e +as,e +aa,e+pf,e =1

(A-11)
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Fig. A-1. Paths and intensities of a light beam on a single glazing
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Fig. A-2. Paths and intensities of a light beam on a single glazing with opaque bottom surface
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Fig. A-3. Combination of two sheets of glazing with an opaque bottom surface for the second
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Appendix B

Derivation of Heat Transfer Rate Equations

Following the assumptions made in the Section III, a
segment of the collector unit whose thickness is dx and
located at a distance x from the inlet fluid section is as shown
in Fig. 3. The differential rates of heat flux are divided as
shown by Sankey diagram in Fig. B-1, whereby

dQ, = total solar irradiation (direct and diffuse) on the outer
glass tube from all sides including the irradiation from
the back V-reflector.

dQ, = )\IDf L4x (B-1)
where A is given by
S
A=1+p (——-1) (B-2)
viD
f,o
dQ, = outward reflection loss from the collector unit
dQ, =, , 40, (B-3)
where P e is given by Eq. (A-10)
dQ, = effective absorbed energy by the outer glass tube
dQ3 = olf,edQl (B'4)

where o, is given by Eq. (A-8)

dQ, = effective absorbed energy by the second (inner) glass
tube

dQ, =, do, (B-5)

where a__ is given by Eq. (A-9)

dQ5 = effective absorbed energy by the metallic absorber
shell

dQ,=a, , dQ, (B-6)

where a, . is given by Eq. (A-7)
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dQ = conduction heat transfer between the second (inner)
glass tube and the absorber shell

2n(T,-T)dx

fn (DS,O/DS,i) fn (Da, o/Da,i)
K ¥ K

s a

Qe = (B-7)

an7 = convection heat transfer between the absorber shell
and the air trapped in the absorber core

dQ,=H, (T,~T)n(D, ,+2D, Ydx  (B-8)

dQ, = convection heat transfer between the absorber tubes
and the hot fluid

dQ, =H,, (T,~ T,)7D,  dx (B9)

dQ, = convection heat transfer between the absorber tubes

and the cold fluid
aQ,=H, (T,~T) mD,; dx (B-10)
dQ, , = sensible heat gain by the hot fluid
. dT,
dQ,, =-mc, (E) dx (B-11)

where the (~) sign was introduced since the hot fluid flow is in
the opposite direction to the positive x direction.

dQ, | = sensible heat gain by the cold fluid

) dT,
dQ,, = tme, I dx

(B-12)

dQ,, = radiation heat transfer between the second (inner)
glass tube and the first (outer) glass tube




dQl ; = radiation heat losses from the outer surface of the first
(outet) glass tube to the ambient air

= 4_ T4
dQ,; = oef(Tf - TA)an’de (B-14)

a’Q1 4 = convection heat transfer from the outer surface of the
first (outer) glass tube to the ambient air

dQ,,=H,,, (T,~T D, dx (B15)

Applying the first law of thermodynamics at steady state to
the collector components will yield the following heat balance
equations (see Refs., 5 and 6):

For the absorber tube:

dQ, - (dQ, +dQ, +dQ, +d0,)=0  (B-16)
For the hot fluid:
dQg - dQ,,=0 (B-17)
For the cold fluid:
dQ,-dQ, =0 (B-18)
For the first (outer) glass cover:
dQ, +dQ ,-dQ,,-dQ ,=0 (B-19)
For the second (inner) glass cover:
dQ, tdQ,-dQ,,=0 (B-20)
For the incident solar energy:
dQ, - dQ, - dQ, - dQ, - dQ, =0 (B-21)
Summing Egs. (B-16) through (B-21) yields
dQ, - (dQ, +dQ, +dQ,, +dQ,,)=0  (B22)

Equation (B-22) shows that the thermal losses from the
collector will be only the summation of (1) the outward light
reflection from the first (outer) glass tube, (2) the convection
and radiation heat transfer to the ambient air and sky from the

first (outer) glass, and (3) the convection heat transfer from
the inner absorber walls to the air core and ambient air.

The elementary radiation heat transfer dQ, , and dQ, 5 are
further linearized by defining the radiation heat transfer
coefficients R sf and R, . such that

o(T} -T})
R =
4 1 (1 D
(T,-T) |—+[—-1 22
* €s € Dfi
' (B-23)
4_ 14
o(Tf -T,))
Ram = 5777
f A
Equations (B-13) and (B-14) are reduced to
dQ,, =R D,  (Tg- T,)dx (B-13)
dQ13=RfAm7er,0(Tf— TA)dx (B-14)

The five linearized heat balance equations, Eqs. (B-16) through
(B-20), will be grouped after division by (Dfo dx) as follows:

For the absorber shell:

E,-B, (T,-T)-B,(T,-T,)-B,(T,~T)

-B,(T,-T,) =0 (B-24)
For the hot fluid:
ar,
G e -B,(T,-T,) (B-25)
For the cold fluid:
ar
G—==B,(T,~T) (B-26)
For the first (outer) glass tube:
E,+B, (T~ T)-Bs(T,~T,)=0 (B-27)
For the second (inner) glass tube:
E,+B (T,-T)-B,(T,-T)=0 (B-28)
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where
5 - 21r/Df,o
1
fn (Ds,o/Ds,i) + fn (Da,a/Da,i)
K K
s a
B2 = Tr(Da,i+ 2Dt,o)HaA/D 0
(B-29)
B, = "(Dr,i/Df,o)Hah
B4 = nR:f(Ds’o/Df’o)
BS = W(HfAm +RfAm)
E, =a A
a,e
E2 = a, A
(B-30)
E3 =ag, A
G = mcp/Df,o

Expressing the temperatures Tf and T, in terms of T, using
Egs. (B-24), (B-27), and (B-28) yields

T,= (E,+B, T)/B,

T = (E,+B,T,)B, (B-31)
Ta= [E6+B3 (Th+Tc)] /BS
where
E, = E,+B,T, » By = (B, +By)
B B B B
Eg = E, 6+E4_i , B, = B+ 2
1 B, B, (B-32)
E.=E +B.T +B‘E5 B, =B +2B_+ a%s
6 1 2% 4 » Pg T P 3
7 B,
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Substituting in Egs. (B-25) and (B-26), the two differential
equations for the hot and cold fluid streams at any position X
will be

aT,
E=‘5‘C0 TC+C1 Th (B-33)
and
aT,
e =86+C, T, -C/ T, (B-34)
where
& = _B_)E fi
By G
2
C = 5 (B-35)
® GBy
B,
C =——(B,-B,)
1 8 “3
GB,

The term §/(C, - C,) appears in solving Egs. (B-33) and
(B-34) and can be expressed as:

B B
(E YE,—2+E —3)
8 1 2B 3B
+ 7 7L (B-36)

—_— = TA
(€, -Cy B,B,
B,+
B7

The overall heat loss coefficient B, follows from Eq. (B-36),

to be
B B
475
B = |B +

7

(B-37)

Egs. (B-36) and (B-37) are useful in giving the physical
meaning needed to the collector efficiency expression as
shown in the text.
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Fig. B-1. Sankey diagram for tubular collector
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